Saccades are typically separated by inter-saccadic fixation intervals (ISFIs) of Ն125 ms. During this time, the saccadic system selects a goal and completes the preparatory processes required prior to executing the subsequent movement. However, in tasks in which competing stimuli are presented, two sequentially executed movements to different goals can be separated by much shorter ISFIs. This suggests that the saccadic system is capable of completing many of the preparatory requirements for a second saccade concurrently with the execution of an initial movement. We recorded single neurons in the superior colliculus (SC) during rapid saccade sequences made by rhesus monkeys performing a search task. We found that during the execution of an initial saccade, activity related to the goal of a quickly following second saccade can be simultaneously maintained in the SC motor map. This activity appears to signal the selection or increased salience of the second saccade goal even before the initial saccade has ended. For movements separated by normal ISFIs (Ն125 ms), we did not observe activity related to concurrent processing, presumably because for these longer ISFI responses, the goal of the second saccade is not selected until after the end of the first saccade. These results indicate that, at the time of an initial saccade, the SC does not necessarily act as a strict winner-take-all network. Rather it appears that the salience of a second visual goal can be simultaneously maintained in the SC. This provides evidence that selection or preparatory activity related to the goal of a second saccade can overlap temporally with activity related to an initial saccade and indicates that such concurrent processing is present even in a structure which is fairly close to the motor output.
I N T R O D U C T I O N
Saccadic eye movements allow the visual system to sample different parts of the visual scene by shifting the fovea. Hence, rapid and accurate saccades are crucial for efficient visually guided behavior. Saccades are typically separated by Ն125 ms (Becker 1989) . During this time, the system must presumably select a stimulus to be the goal of the next movement and complete the motor-preparatory processes that are required prior to executing the movement. After an initial saccade is complete, the selection, preparation, and execution cycle begins anew with information obtained at the new fixation position.
When two sequential saccades are made, the selection and preparation processes for the second saccade have generally been assumed to begin only after the completion of the initial saccade. However, when strongly competing saccade goals are present in tasks such as visual search (Hooge and Erkelens 1996; McPeek and Keller 2001; McPeek et al. 2000; Theeuwes et al. 1999; Viviani and Swensson 1982) , the double-step task (Becker and Jürgens 1979; Corneil et al. 1999; Goossens and Van Opstal 1997) , and the anti-saccade task (Amador et al. 1998; Mokler and Fischer 1999) , researchers have observed that two saccades to different goals can be executed with a very short inter-saccadic fixation interval (ISFI). It has been hypothesized that these short ISFIs result when some of the necessary presaccadic selection or preparatory processes for a second movement begin even before the initial saccade has been completed (Becker and Jürgens 1979; McPeek and Keller 2001; McPeek et al. 2000; Mokler and Fischer 1999; Morrison 1984; Theeuwes et al. 1999; Viviani and Swensson 1982) . This has been dubbed "parallel" or "concurrent" processing of saccade goals. From the double-step task, in which two visual targets are presented sequentially during the latent period of the subject's initial saccade, it has been known for some time that visual processing of saccade targets continues even during preparation of a movement (Aslin and Shea 1987; Becker and Jürgens 1979; Findlay and Harris 1984; Hou and Fender 1979; Komoda et al. 1973; Ottes et al. 1984) . Furthermore, Becker and Jürgens (1979) found support for the idea that two saccade goals can be processed concurrently by showing that when subjects respond to the double-step stimulus by executing two saccades, the time at which the second saccade occurs is directly related to the time at which the second target step occurs and is independent of when the first saccade or the first target step occurs. This is exactly what would be predicted if the preparation of the two saccades overlapped temporally. McPeek et al. (2000) subsequently replicated this finding in a two-dimensional double step task.
In the monkey, McPeek and Keller (2001) uncovered further evidence for concurrent processing. In a search task in which there is a strong competition between distractor and target stimuli, monkeys, like humans, can generate two saccades directed toward different goals in very rapid succession. When such two-saccade responses were observed, McPeek and Keller found that the trajectories of the initial movements tended to curve slightly toward the goal of the second movements. This curvature suggests the presence of concurrent neural activity in a motor map at a site corresponding to the goal of the second movement. Preliminary results from recording and stimulation studies have suggested that the presence of strong concurrent activity in the superior colliculus (SC) or frontal eye fields (FEF), peaking immediately before the onset of the initial saccade, can result in curved saccade trajectories (FEF and SC: McPeek and Keller 2000; SC: Port and Wurtz 2000) .
McPeek and Keller (2001) hypothesized that when activity related to processing of a second saccade goal becomes strong enough, the salience of the second goal may overtake that of the initial goal during the execution of the initial saccade. This would result in a "re-directed" saccade, which is initially aimed toward the first goal but which changes direction in mid-flight to end near the second goal. Such movements have been observed in a variety of experimental paradigms in which there is competition between two or more saccade goals (Corneil et al. 1999; McPeek and Keller 2001; Minken et al. 1993; Van Gisbergen et al. 1987) or between a saccadic goal and a second goal specified by electrical microstimulation (Schlag-Rey et al. 1989) .
The observation of these short (and, in some cases, vanishing) ISFIs has led us to hypothesize that selection and/or preparatory activity related to a second saccade goal can occur even during the execution of a first saccade. This prior processing related to the second saccade goal shortens the timeconsuming saccade target selection and preparation cycle, which usually occurs after the end of the first saccade. As a result, it paves the way for a second movement to be generated with minimal delay. Sparks (1999) has recently discussed the difficulty of empirically isolating the various conceptually distinct saccade preparatory processes, such as shifting focal attention, saccade target selection, and motor preparation. However, distinguishing among these different putative stages in the preparation of a saccade is not the aim of the present study. We merely wish to determine whether there is a neural correlate in the superior colliculus for the proposed concurrent processing of a second saccade goal during an initial saccade. Thus "concurrent processing" could encompass any or all of these preparatory activities.
The finding of concurrent activity in the SC would indicate that when confronted with competing targets, this structure does not act as a strict winner-take-all network. Clearly, the saccadic system as a whole produces a single final output in the form of an eye movement. However, it appears that the SC is capable of representing the salience of a second saccade goal even during the execution of an initial saccade. Our presumption is that by maintaining the representation of the second saccade goal throughout the first saccade, rather than quenching this activity in a winner-take-all fashion, the SC is able to re-map the heightened activity originally present at the site representing the second goal after the initial saccade is complete (Mays and Sparks 1980; Sparks and Porter 1983; Walker et al. 1995) . This allows a successive movement to be initiated more rapidly than would be possible if, instead, the target selection/saccade preparation processes had to begin anew without the benefit of a pre-selected second-saccade goal.
M E T H O D S
Two male rhesus monkeys (Macaca mulatta) weighing between 4 and 7 kg were used in this study. All experimental protocols were approved by the Institutional Animal Care and Use Committee at the California Pacific Medical Center and complied with the guidelines of the Public Health Service policy on Humane Care and Use of Laboratory Animals.
Preparation
A scleral eye coil and a head-holder system were implanted under isofluorane anesthesia and aseptic surgical conditions. Anesthesia was induced with an intramuscular injection of ketamine. Heart rate, blood pressure, respiratory rate, and body temperature were monitored for the duration of the surgery. A coil made of four turns of Teflon-coated stainless-steel wire was implanted under the conjunctiva of one eye using the procedure described by Fuchs and Robinson (1966) , as modified by Judge et al. (1980) . At the completion of the surgery, animals were returned to their home cages. After 2-3 mo of training in behavioral tasks, described in the following text, the monkeys were prepared for chronic single-unit recording in a second aseptic surgery. A stainless steel recording chamber (15 mm ID), tilted 38°posterior from vertical, was positioned above a craniotomy centered on the midline. Antibiotics (Cefazolin) and analgesics (Buprenex) were administered as needed during the recovery period under the direction of a veterinarian.
Behavioral procedures
Testing was performed in a dimly illuminated room. Data collection and storage was controlled by a custom real-time program running on a PC. Eye position and velocity were sampled at 1 kHz and digitally stored on disk. A Macintosh computer, which was interfaced with the PC, generated the visual displays using software constructed using the Video Toolbox library (Pelli 1997) . Visual stimuli were presented on a 29-in color CRT (Viewsonic GA29) in synchronization with the monitor's vertical refresh. The monitor had a spatial resolution of 800 ϫ 600 pixels and a noninterlaced refresh rate of 75 Hz. The monitor was positioned 33 cm in front of the monkey and allowed stimuli to be presented in a field of view of approximately Ϯ32°along the horizontal meridian and Ϯ30°along the vertical meridian.
The monkeys were seated in a primate chair with their heads restrained for the duration of the testing sessions. They executed behavioral tasks for liquid reward and were allowed to work to satiation. Records of each animal's weight and health status were kept, and supplemental water was given as necessary. The animals typically worked for 5 days and were allowed free access to water on weekends.
Delayed-saccade task
At the beginning of each trial, a white fixation spot subtending 0.25°in diameter with a luminance of 1.24 cd/m 2 appeared in the central position against a homogenous dim background of 0.12 cd/m 2 . The monkeys were required to keep their eyes within 1.5-2°of the fixation point during an initial fixation interval of 450 -650 ms. At the end of this interval, a single target stimulus was presented at a peripheral location while the fixation point remained illuminated. Monkeys were required to maintain central fixation until the disappearance of the fixation point 500 -700 ms later. Once the fixation point disappeared, they were rewarded for making a saccade to the peripheral stimulus within 70 -400 ms. Early or late responses were not rewarded. Eye position tolerance windows around the target stimuli were made equal to the stimulus eccentricity divided by 5. The target was a red or green disk, with a luminance of 0.90 or 0.92 cd/m 2 , respectively.
Search task
Trials began with a 450-to 650-ms fixation period as for the delayed-saccade task. However, at the end of the fixation period, the fixation point disappeared. Simultaneously, one target and three distractor stimuli were presented at equal eccentricity from fixation, separated by angles of 90°(see Fig. 1A ). The stimuli were red or green disks, which were chosen to be approximately equiluminant, with measured luminances of 0.90 and 0.92 cd/m 2 , respectively. The distractors were all of the same color and the target differed from them only by virtue of its odd color. In each trial, the colors of the target and distractors were randomly chosen.
The locations of the stimuli were adjusted for each neuron so that on every trial, either the target or a distractor was presented near the center of the neuron's response field, as determined using single stimuli. The stimuli were M-scaled to keep their salience constant across different eccentricities (Rovamo and Virsu 1979) . At an eccentricity of 15°, each stimulus element subtended 2°of visual angle. Monkeys were given a liquid reward for bringing their eyes to the location of the target within 275 ms of the onset of the stimuli. This allowed the possibility of a reward being given if the initial saccade was incorrect but was followed very rapidly by a correct second saccade. In practice, second saccades usually reached the target too late for the monkey to receive a reward. However, the occasional rewarded two-saccade response encouraged the monkeys not to give up after an initial incorrect response.
Single-unit recording
We used standard methods to record single neurons in the deeper layers of the superior colliculi of two rhesus monkeys. Neural activity was recorded using tungsten microelectrodes with impedances ranging from 0.8 -2.5 M⍀ at 1 kHz, lowered into the brain by a hydraulic microdrive. The microelectrode signal was amplified, band-pass filtered, and displayed on a digital storage oscilloscope. Action potentials were discriminated and converted into TTL pulses using a time-amplitude window discriminator. The computer data-acquisition system registered the occurrence of spikes with a resolution of 1 kHz, and the neural data were stored in register with the behavioral measurements.
Data analysis
EYE MOVEMENTS. Off-line analysis of the eye movement data was performed by algorithms using velocity and acceleration criteria to detect the beginning and end of saccades. The algorithm's identification of saccades was visually inspected for every trial to verify its accuracy. Inaccurate or curved saccades were excluded from analysis even if the monkey had been rewarded for the response. Inaccurate saccades were defined as those landing outside a radius of the goal stimulus equal to 10% of the stimulus eccentricity. For smaller eccentricities from 8°(minimum tested) to 12°, this radius was increased by an additional 0.25°. To determine saccade curvature, we first calculated the mean curvature of all single-saccade responses made to a given stimulus location using a curvature metric described by Smit and Van Gisbergen (1990) to obtain a standard value of curvature for saccades to that location. Curved saccades were defined as those with curvature values outside a range of Ϯ1.5 SDs from the mean curvature value.
MEASUREMENT OF FIRING RATES. Discharge rates were calculated by counting spike occurrences during time windows of interest and dividing by the duration of the time window. We defined the "perisaccadic" interval, our primary epoch of interest, as the 50-ms time period centered on the midpoint in time of the execution of the initial saccade (e.g., for a saccade lasting 30 ms, the time window extended from 10 ms before saccade onset to 10 ms after saccade end). Unless otherwise noted, significance tests were performed using the Mann-Whitney U test. For testing the significance of individual cells, we used a criterion level of P Ͻ 0.05. In the summary analyses of the rapid two-saccade responses, we selected error saccades to one of the distractor positions for analysis based on which distractor had the greatest number of error trials. Thus the responses for each cell all had initial saccades directed to the same distractor, followed by a second saccade to the target positioned in the neuron's response field. CHARACTERIZATION OF NEURONS. We ascertained the presence or absence of prelude activity in each SC neuron from its responses in the delayed-saccade task. We compared neural activity during a 100-ms delay-period epoch, occurring 150 -50 ms before the signal to execute the saccade, with activity during a baseline epoch beginning 75 ms before the visual stimulus was presented and ending 25 ms after stimulus onset (before the beginning of any SC neural response to the visual stimulus). Neurons that showed significantly greater discharge (P Ͻ 0.05 in the Wilcoxon signed-rank test) during the delay-period epoch than during the baseline epoch were classified as having prelude activity. This criterion is similar to one described by Basso and Wurtz (1998) .
R E S U L T S
In the search task, the monkeys made an initial saccade to the correct target in 64% of trials (chance performance is 25%). This performance is in line with that of humans in a very similar task (McPeek et al. 1999) . Our search task is more difficult than standard color-oddity search tasks because the colors of the target and distractor stimuli are interchanged randomly from trial to trial. For example, if several trials in which the target is red and distractors are green are followed by a trial in which the distractors are red and the target is green, both humans (McPeek et al. 1999 ) and monkeys (Bichot and Schall 1999;  McPeek and Keller 2001) have a higher probability of making an erroneous initial saccade to a red distractor.
Initial incorrect saccades are typically followed by second saccades to the correct target. For many of these two-saccade FIG. 1. Diagram of the behavioral task and illustration of short intersaccadic fixation intervals (ISFIs). Top left: a schematic of the stimulus with an eye movement trace superimposed. An initial saccade is made to a distractor, followed by a second saccade to the correct target. In this and all subsequent plots of the visual stimulus, the white disk represents the target stimulus while black disks represent the distractors. In the actual display, the target and distractors were equiluminant and randomly chosen to be red or green on each trial. To the right, horizontal and vertical eye position are plotted as a function of time, making evident the very short fixation interval (ϳ30 ms) between the 1st and 2nd saccades. Bottom: histograms of the latency of initial saccades in search (left) and of ISFIs when an initial incorrect saccade is followed by a 2nd saccade to the target (right). Note that initial saccade latencies fall in the normal range (125-300 ms), while many ISFIs are unusually brief (Ͻ125 ms). responses, ISFI between the first and second saccades is brief. An example of an initial incorrect saccade, followed after a brief ISFI by a second saccade to the target, is shown in Fig.  1A . Histograms of the latencies of all initial saccades (left) and the ISFIs between incorrect initial saccades and correct second saccades (right) are shown in Fig. 1B . Many of the ISFIs are shorter than the usual primary saccadic latency of 125-300 ms, suggesting that the saccadic system is able to retain information processed during the initial fixation period for use in producing the second saccade.
Neural activity: single saccades in search
We recorded the activity of 78 SC neurons that showed a burst of activity for saccades into their response fields in the delayed-saccade task. The majority (69/78) of these neurons also had visual responses and thus could be classified as visuo-movement neurons. In our search task, SC visuo-movement neurons respond with initial visual activity related to the appearance of a visual target or distractor in their response fields. The neuron shown in Fig. 2 demonstrates a typical pattern of activity. This neuron did not show prelude activity in the delayed-saccade task. The left column of Fig. 2 shows the neuron's activity in the search task aligned on the presentation of the visual stimulus array, while the right column shows its activity aligned on the onset of the initial saccade. When a saccade is made to the stimulus in the neuron's response field, the cell's activity is more intense near the time of movement onset ( Fig. 2A ) than when a saccade is made elsewhere (Fig.   FIG. 2 . Activity of a superior colliculus (SC) visuomovement neuron in the search task. Neural activity is represented by raster plots in which each tick mark signifies the occurrence of an action potential. Mean activity across trials is plotted as average spike density with sigma ϭ 6 ms (Richmond et al. 1987) . Plots in the left column are aligned on search array onset, while plots in the right column are aligned on the beginning of the first saccade. Insets to the right show xy spatial plots of eye position across time, superimposed on a schematic showing the positions of the target (portrayed as a white disk) and distractors (portrayed as dark disks). The gray region denotes the approximate response field of the neuron. In the stimulus-aligned plots, the mean time of saccade onset is indicated by the arrow (mean SRT) and the range of saccade onset times is indicated by the thick horizontal bar on the time axis. A: activity of the neuron in the search task when single saccades are made to the stimulus inside the neuron's response field. The cell shows initial visual activity followed by a burst occurring around the time of the movement. B: activity of the neuron when saccades are made to a search stimulus outside the response field (stimulus 1). The visual discharge is followed by a decline in activity near saccade onset. C: when similar initial saccades to stimulus 1 are followed quickly (ISFI Ͻ 125 ms) by a 2nd saccade to the stimulus initially in the neuron's response field (stimulus 2), the neuron's activity is maintained at a higher level during the initial saccade. Spike density functions for both single-saccade (thin trace) and double-saccade (thick trace) responses are superimposed for comparison. D: neuron's activity when initial saccades to stimulus 1 are followed quickly by second saccades to stimulus 3, which is outside the cell's response field. For such responses, the neuron's activity does not show an increase such as that shown in C. 2B). In the former case, a strong movement-related burst of activity peaks around the time of saccade initiation ( Fig. 2A,  right) . In contrast, when a saccade is made to a stimulus outside the neuron's response field, its activity declines near the time of saccade onset (Fig. 2B, right) .
Rapid two-saccade responses in search
We separately analyzed two-saccade responses in which the initial saccade was directed to a distractor and the second saccade was directed to the correct target. We hypothesized that short inter-saccadic fixation intervals occur when selection or processing of the second saccade goal begins even before the initial saccade has been completed. Specifically, if concurrent processing were occurring in the SC, we would predict that a neuron coding the location of the second goal would show sustained activity around the time of the initial saccade, rather than the normally observed decline in activity, reflecting the fact that the stimulus coded by the neuron has become more behaviorally salient by virtue of being selected as the goal of a future saccade.
In Fig. 2C , we illustrate the activity of the neuron when an initial saccade made to the same upward stimulus shown in Fig. 2B (stimulus 1; outside the cell's response field) will be followed quickly by a second saccade to the stimulus that is initially in the cell's response field (stimulus 2). The spike density functions for the single-and two-saccade cases are directly compared in this figure, with the thin spike-density function showing mean activity for the single-saccade case and the thick spike-density function for the two-saccade case. The initial activity in the two cases is almost indistinguishable (Fig.  2C, left) . However, coinciding with the change in the monkey's future behavior, the discharge of the neuron around the time of the initial saccade is maintained at a higher level when a second saccade to stimulus 2 will be made.
The elevated response of this neuron can be better visualized when the trials are aligned on the beginning of the first saccade (Fig. 2C, right) : the neuron maintains a slightly higher level of activity before the initial saccade and significantly higher activity during and immediately after the saccade when the initial saccade will be followed rapidly by a future second saccade to stimulus 2, which is inside the neuron's response field (P Ͻ 0.001). However, this elevated activity is still considerably smaller than the high-frequency burst which accompanies saccades into the cell's response field ( Fig. 2A, right) . Presumably, a more pronounced discharge could cause the initial saccade to be re-directed toward the response-field stimulus (Schlag-Rey et al. 1989 ). However, due to their relative scarcity, we excluded such re-directed saccades from analysis as described in METHODS.
Dependence on the goal of the second saccade
So far, we have shown that when the monkey makes an initial saccade to stimulus 1 followed quickly by a second saccade to stimulus 2, the neuron's discharge during the initial saccade is elevated. If this elevation in activity is really related to concurrent processing of the goal in the cell's response field, it should be present only when the second saccade is directed to the stimulus inside the cell's response field. To test this prediction, we separately analyzed trials in which the monkey made an initial saccade to the same upward stimulus (stimulus 1), followed quickly (ISFI Ͻ 125 ms) by a second saccade to a stimulus outside the cell's response field (stimulus 3; see the inset of Fig. 2D ). As shown in Fig. 2D , the cell's peri-saccadic activity during the initial saccade of this rapid two-saccade sequence is no different from its activity for a single saccade to the same goal (P ϭ 0.44). Thus the elevation in activity observed in Fig. 2C is not present for all rapid sequences of saccades. Rather, it is seen only when the goal of the quickly following second saccade lies inside the neuron's response field.
Summary data for two-saccade responses
We obtained sufficient data to quantitatively measure concurrent processing activity in 43 cells. For each neuron, we calculated the mean peri-saccadic discharge rate (see METHODS) for the initial saccades of a rapid two-saccade sequence (such as those shown in Fig. 2C ) in which the second saccade is directed to the stimulus which was initially presented in the neuron's response field. In Fig. 3A , we plot this rate against the neuron's mean discharge rate during the peri-saccadic interval for similar initial saccades to the same location which are not followed by a second saccade. Across our sample population of neurons, there is a significant increase in activity for the rapid two-saccade case over the single-saccade case (Wilcoxon signed-rank test, P Ͻ 0.001). On an individual cell-by-cell basis, 49% of our sample (21/43 neurons) show a significant increase in activity.
As argued earlier, if this elevation in activity is due to early selection of the second saccade goal, it should not be seen when the goal of the rapidly following second saccade lies outside the cell's response field. To test this prediction, we compared the mean peri-saccadic discharge rate for each neuron for rapid two-saccade sequences in which both the first and second saccade goals initially lay outside the cell's response field, with its discharge during the same period when a single saccade to the same initial goal was made. Thus this analysis is analogous to that shown in Fig. 3A , with the difference that both the first and the second saccade goals lie outside the cell's response field. As shown in Fig. 3B , for such responses there is little difference in the peri-saccadic discharge rate for the two-saccade versus the one-saccade cases for most cells. On a cell-by-cell basis, three cells showed significantly higher perisaccadic discharge and one cell showed significantly lower discharge in the rapid two-saccade case versus the singlesaccade case. Across cells, there was no significant difference between the two groups (Wilcoxon signed-rank test, P ϭ 0.87). This confirms the prediction of the concurrent processing hypothesis that elevated activity during the first saccade should only be seen when the second saccade goal is initially inside the cell's response field. This analysis also eliminates the possibility that the elevation in activity seen in Fig. 3A is some kind of general effect seen for any rapid two-saccade sequence.
Some SC neurons show a low-frequency prelude of activity related to target or movement selection well in advance of saccade execution (Basso and Wurtz 1998; Dorris and Munoz 1998; Glimcher and Sparks 1992; Horwitz and Newsome 1999; Munoz and Wurtz 1995) . Of the 43 neurons we analyzed quantitatively in Fig. 3A , 20 showed significant prelude activity in the delayed-saccade task and 23 did not. Surprisingly, we found that concurrent processing activity is present in neurons lacking prelude activity as well as in neurons having it (see Fig.  3A ): 9 of 20 prelude neurons and 12 of 23 non-prelude neurons showed a significant elevation in discharge during the perisaccadic interval for the two-saccade versus the one-saccade case.
Dependence on inter-saccadic interval
In many situations, the goal of a second saccade is selected only after the initial saccade has been completed, using information gathered during the inter-saccadic fixation interval. Thus for movement sequences separated by normal-length ISFIs (Ն125 ms), we would not expect to see processing of a second saccade goal during the initial saccade because the second saccade goal would not have been chosen yet. In other words, if the increase in activity seen here represents concurrent processing of a second saccade goal, we should observe it only when two movements are separated by a brief fixation.
To test this prediction, we compared the mean normalized increase in peri-saccadic activity (the "enhancement index") across cells, for two-saccade responses with a very brief ISFI (Ͻ125 ms) to those with a more typical ISFI (125-250 ms). For both the short ISFI and the long ISFI groups, the first saccade goal was outside the cell's response field and the second saccade goal was initially inside the cell's response field. The enhancement index for each cell is defined as (d two Ϫ d one )/(d best ), where d two is the mean peri-saccadic discharge rate in the two-saccade trials (with ISFIs Ͻ 125 ms for the short ISFI case and ISFIs Ն 125 ms for the long ISFI case) and d one is defined as the mean discharge rate for similar saccades in search which are not followed by a second saccade. Thus for each cell, the d two Ϫ d one term expresses the mean elevation in discharge for the two-saccade cases over the single-saccade cases. d best is the mean discharge rate for single saccades when the target was presented inside the neuron's response field and provides a normalization term to equate neurons with different maximum firing rates.
As can be seen in Fig. 4 , across our sample of neurons, the enhancement index is significantly higher for responses in which two saccades are separated by a short inter-saccadic fixation interval than for responses in which they are separated by a normal-length fixation period (Wilcoxon signed-rank test, P Ͻ 0.01). Furthermore, for the responses with a normal inter-saccadic fixation interval, the mean enhancement index does not differ significantly from zero (P ϭ 0.68), which is equivalent to the baseline response for single saccades.
Activity during the second saccade
It has previously been shown that after the execution of an initial saccade, the loci of activity within the SC are re-mapped to bring them back into registration with the new retinal positions of the stimuli (Mays and Sparks 1980; Sparks and Porter 1983; Walker et al. 1995) . Thus after the first movement, the second saccade goal lies outside the neuron's response field (see Fig. 5, left inset) . Correspondingly, the discharge of this FIG. 3. A: scatter plot compares, for each neuron, the mean peri-saccadic discharge rate for saccades to a target located outside the neuron's response field (abscissa) vs. similar initial saccades quickly followed (ISFI Ͻ 125 ms) by a 2nd saccade to the stimulus in the neuron's response field (ordinate). If the future occurrence of a rapid 2nd saccade had no effect on a neuron's activity, its plotting symbol would fall along the diagonal line. Nearly all neurons fall above the line, indicating greater activity when an initial saccade is quickly followed by a 2nd saccade. The presence (R) or absence (E) of prelude activity for each cell was determined in a delayed-saccade task (see METHODS). We found similar results in both groups of neurons. B: scatterplot shows similar comparison for single-saccade responses and rapid double-saccade responses in which the 1st saccade and 2nd saccade goals are both initially located outside the cell's response field. Overall there is no significant difference in discharge for these cases, indicating that the elevation in activity seen in A is specific to 2-saccade responses in which the 2nd saccade goal is initially inside the cell's response field.
FIG. 4. Compares elevation of peri-saccadic activity for rapid 2-saccade responses (ISFI Ͻ 125 ms) vs. 2-saccade responses separated by a normal length ISFI (Ն125 ms) across our population of cells using an enhancement index calculated for each neuron (see text). Neurons were significantly enhanced when the ISFI was short. When it was longer, neurons showed no significant difference from the discharge observed for comparable singlesaccade responses. neuron declines to a low level before the onset of the second saccade, as shown in Fig. 5 , in which the two-saccade trials from Fig. 2C have been re-aligned on the beginning of the second movement. Thus the elevation in SC neural activity described in the preceding text appears to reflect preparatory processing, such as target selection, related to the second saccade goal, but does not directly participate in the eventual execution of the second movement. Across our sample of neurons, we confirmed that there was no unusual elevation in activity during the second saccades in short ISFI trials of the type shown in Fig. 5 . Specifically, we compared the discharge during the second saccade for two-saccade responses with a short ISFI to those with a long ISFI as defined in the previous section. In all cases, the initial saccade was directed to a distractor location, while the second saccade was directed to the target that was initially inside the neuron's response field (as in Fig. 2C, for example) . We did not find any significant difference in discharge during the second saccade between the short ISFI and long ISFI groups (Wilcoxon signed-rank test, P ϭ 0.36). This is the expected result, based on earlier studies (Mays and Sparks 1980; Sparks and Porter 1983) , and indicates that, across our sample population of cells, the elevation in activity associated with short ISFIs has subsided by the onset of the second movement, presumably because of the re-mapping of SC activity due to the first saccade.
Activity for two different initial saccades Figure 6 illustrates the discharge during rapid two-saccade responses of a neuron that showed prelude activity in the delayed-saccade task. For this neuron, similar numbers of two-saccade responses occurred in which the second saccades were directed to the stimulus initially inside the cell's response field and the first saccades were directed to the stimulus either in the clockwise or counterclockwise position from the response field. If the elevation in activity we have observed is related to the concurrent processing of the second saccade goal, we would expect it to be present whenever the stimulus in the cell's response field is selected as the goal of a rapidly following second saccade, regardless of which stimulus is the goal of the initial saccade. Figure 6 , left, shows the discharge of the neuron in the search task aligned on the presentation of the search array; whereas Fig. 6 , right, shows these responses aligned on the beginning of the movement. Figure 6, A and B , shows responses in which the first saccade is made to the stimulus in the clockwise position from the response field stimulus, whereas C and D show responses in which the first saccade is made to the stimulus in the clockwise position.
The primary point is to show that when two saccades are executed in rapid succession and the second saccade is made to the stimulus which is initially inside the cell's response field, the cell shows a significant increase in discharge slightly before, during, and immediately after the initial saccade regardless of whether this first saccade is made to the stimulus in the counter-clockwise (Fig. 6B) or clockwise (Fig. 6D ) position from the response field stimulus. In other words, the perisaccadic elevation in activity does not critically depend on the goal of the initial saccade. Rather it seems to depend on the execution of a rapidly-following second saccade to the stimulus initially in the cell's response field. It should be noted, however, that we were unable to test this result quantitatively across our sample of neurons. For many cells, the monkeys did not produce a sufficient number of appropriately sequenced two-saccade responses to allow us to compare rapid pairs of saccades with different initial goals when the second saccade goal lay inside the cell's response field.
As shown in Fig. 7 , this neuron is not directly involved in the eventual execution of the second saccade. Consistent with our findings across our sample of neurons (described earlier), its activity declines to a low level before the second movement begins, reflecting the re-mapping of visual goals. Thus the elevated activity shown in Fig. 6 appears to be related to the early selection of the second saccade goal, occurring even before the first movement has been completed.
D I S C U S S I O N
When there is a strong competition between two or more saccade goals, two sequentially executed movements can be separated by surprisingly short ISFIs. We examined such movement sequences in a search task and found that around the time of the initial saccade, there is an increase in activity in SC neurons coding the location of the second saccade goal. A similar increase in activity is not seen for rapid two-saccade sequences in which the second saccade goal lies outside the cell's response field. Thus this elevation in activity is consistent with the idea that the goal of the second saccade has already been selected and has become behaviorally salient even before the end of the first saccade. The results support the idea, first suggested based on behavioral data (Becker and Jürgens 1979) , that visuo-motor processing of a competing saccade goal can continue concurrently with the preparation and execution of an initial movement.
We observe this increase in activity at a competing goal site only when two sequential movements are separated by a relatively short ISFI (Ͻ125 ms). When two similar movements are separated by a normal-length ISFI (Ն125 ms), an increase in activity related to the early selection of the second saccade goal is not seen around the time of the first saccade. This observation is also consistent with our interpretation: with longer ISFIs, the elevation in activity is not seen for the simple reason that the second saccade goal has not been selected yet.
Thus our general argument is that rapid two-saccade responses tend to result when there is strong competition between saccade goals. Specifically, one goal may initially reach a higher level of activation and become the goal of the initial FIG. 5. Activity of the same neuron shown in Fig. 2 , aligned on the beginning of the 2nd saccade from stimulus 1 to stimulus 2. The neuron's activity declines to a low level shortly before the beginning of the second saccade, reflecting the fact that the selected goal is no longer inside the cell's response field (see left inset).
saccade. However, we theorize that ongoing competition can cause a change in the selected goal. When this change occurs late in the trial, after an initial saccade has already been prepared and can no longer be canceled, we observe, during the initial saccade, an elevation in SC activity at the site coding the second goal, which we argue corresponds to the selection or processing of this target. This advance processing of the second goal allows a second saccade to be produced rapidly after the initial saccade.
Relation to previous studies of target selection in the superior colliculus
Several studies have examined the discharge of SC neurons during tasks that require selecting one target from among several stimuli (Basso and Wurtz 1998; Glimcher and Sparks 1992; Horwitz and Newsome 1999; Ottes et al. 1987) . In such tasks, visually responsive SC neurons initially signal the presence of all the stimuli with a transient burst of activity related to the presentation of a stimulus in their response field. In most of these studies, delay-period activity was measured before and during target selection. It was found that neurons showing a prelude of activity during the delay period typically fire at a low level for each potential saccade goal. However, as one target is eventually selected to be the goal, activity declines for neurons representing unselected locations and increases for neurons representing the selected goal (Basso and Wurtz 1998; Glimcher and Sparks 1992; Horwitz and Newsome 1999) . By the time of saccade execution, this activity has evolved into FIG. 6. Activity in a different SC visuo-movement neuron for which we collected 2-saccade responses in which initial saccades were directed to the stimuli in positions either clockwise or counter-clockwise from the response field stimulus. This neuron showed prelude activity in the delayed-saccade task. Format of the figure is similar to Fig. 2 , showing activity aligned on the presentation of the search array in the left column and aligned on the 1st movement in the right column. Responses in which the initial movements were made to the counter-clockwise stimulus are shown in the top 2 plots (A and B) and responses to the clockwise stimulus are shown in the bottom 2 plots (C and D). B shows that when an initial saccade made to a stimulus outside the cell's response field will be followed quickly by a 2nd saccade to the stimulus initially inside the neuron's response field, the cell's activity around the time of the initial saccade (thick line) is higher than for similar single saccades (thin line). D shows a similar elevation in activity when initial saccades made to a different stimulus outside the cell's response field are followed quickly by a 2nd saccade to the stimulus initially inside the cell's response field. a single locus of strong discharge produced by movementrelated neurons (including neurons that lack prelude activity) at the site coding the saccade goal. This sequence of events suggests that at saccade onset, the SC tends to operate as a winner-take-all network in which a single selected movement goal is acted on.
However, this view is based on tasks in which a delay period is imposed before the execution of the saccade. The delay period ensures that there is ample time to resolve any competition among potential saccade goals well before the time of the movement. Behavioral evidence and the results we have presented here suggest that the situation may be different when there is a strong competition between two or more saccade goals and the search conditions require an immediate response. Specifically, our results suggest that even during saccade execution, the salience of a non-selected goal can continue to be represented in the activity of superior colliculus neurons. Furthermore, we found that this concurrent processing activity is present in neurons lacking prelude activity as well as in neurons having it. This may be due to the fact that, unlike previous tasks measuring SC activity associated with goal selection, our search task does not impose a delay period. Specifically, the presence of concurrent processing activity in neurons lacking prelude activity may reflect the fact that there is an immediate motor impetus to execute the second saccade as quickly as possible as evidenced by the short inter-saccadic fixation intervals. In contrast, tasks in which the target is selected during a delay period require the suppression of an immediate response, and this requirement may prevent recruitment of nonprelude neurons until a response is permitted.
A recent study by Bichot et al. (2001) showed that the activity of FEF movement neurons coding nonselected distractor locations is greater when the distractor is visually similar to the target or is made salient using visual cues. This increase in activity occurs even though the saccade is made to a stimulus outside the cell's movement field. This finding is consistent with the idea that the population of FEF movement cells, like the collicular visuo-movement neurons shown here, do not form a strict winner-take-all network.
Advance preparation and saccade latency
For the two-saccade responses in our task, after the initial saccade is complete, the vector of the second movement no longer coincides with the initial retinotopic position of the target (see Fig. 5, left inset) . However, it is known that after an initial saccade, the locations of potential saccadic goals are re-mapped into their new retinotopic locations (Mays and Sparks 1980; Sparks and Porter 1983) . This re-mapping process is very rapid and is not dependent on visual re-afference (Walker et al. 1995) . This implies that it is based on stored internal representations of saccadic goals. We argue that these internal representations could also encode the relative salience of the potential goals. An increase in salience of a secondary saccade goal, occurring around the time of an initial saccade, would thus be preserved across the re-mapping process and could influence the production of the second saccade.
Our interpretation assumes that prior target selection and/or preparation can shorten the latency of a subsequent saccade. Recent studies of the neural activity underlying express saccades, which are short latency movements that can be executed under certain stimulus conditions (Fischer and Boch 1983; McPeek and Schiller 1994; Schiller et al. 1987; Sommer 1994) , support this view. The occurrence of express saccades is correlated with the presence of motor preparatory activity in the superior colliculus prior to the onset of the visual target (Dorris et al. 1997; Sparks et al. 2000) . When this activity is present, the appearance of the visual target seems to trigger a movement-related burst resulting in the initiation of a short-latency saccade (Dorris et al. 1997; Edelman and Keller 1996; Sparks et al. 2000) . We hypothesize that the events underlying the short ISFIs we have observed are also the product of advance selection or preparation of the second saccade, in this case, occurring before and during the execution of the first saccade. In our search task, in contrast to the express saccade paradigm, the monkey is not required to await the onset of a visual target before being allowed to initiate the second saccade. Instead, the search stimuli are presented well before the onset of the second saccade and remain visible throughout the trial. This allows the ISFIs between the first and second movements to be even shorter, in some cases, than the latency of express saccades.
The effect of preparatory activity in the SC on saccade latency was also recently investigated by Dorris and Munoz (1998) . They examined the correlation between the level of activity in SC neurons before the presentation of a saccadic target with the latency of the subsequent movement. They found that when the level of SC activity in neurons coding a particular movement vector was higher in advance of the presentation of the target, the latency of the resulting saccade was shorter. On the basis of this correlation, they argued that the SC activity could be regarded as motor preparation for a FIG. 7. The activity of the neuron shown in Fig. 6 is aligned on the onset of the second saccade. A: 2nd-saccade aligned activity when initial movements are to the stimulus in the position counter-clockwise from the cell's response field stimulus. B: 2nd-saccade aligned activity when initial movements are to the clockwise stimulus. In both cases, the cell's discharge declines to a low level before the onset of the 2nd saccade. specific movement vector, acknowledging that "motor preparation" could include attentional mechanisms, target selection, or movement selection. Our interpretation of the present experiments is consistent with the idea that preparatory activity in the SC, in conjunction with the previously demonstrated rapid re-mapping of activity after an initial saccade (Walker et al. 1995) , can reduce the latency of a second saccade.
In summary, we present neural evidence supporting the idea that even after one target has been selected and an initial saccade is being executed, selection and processing of a subsequent movement goal can proceed in parallel. The prior completion of such preparatory processes allows the second saccade to be triggered with minimal delay. The presence of this activity in the SC indicates that concurrent processing of saccade goals is not confined to brain areas involved in higherlevel, abstract planning, but rather, involves even the lower levels of the oculomotor system.
